Of paramount importance to studies that profit from molecular trees is the accuracy and robustness of the reconstructed phylogenies. Causes of systematic error that can mislead phylogenetic methods include nuclear copies of mitochondrial DNA (numts) and low phylogenetic informativeness (PI). Herein, numts and PI were explored in three mitochondrial genes commonly used for phylogenetic reconstruction: 16S, 12S, and cytochrome c oxidase I (COI). Shrimps from the genera Lysmata, Exhippolysmata, and Merguia were used as a model system. The existence of: (1) multiple bands on gels of COI and 12S polymerase chain reaction (PCR) products from various species; (2) double peaks, background noise, and ambiguity in sequence chromatograms of COI and 12S PCR products that produced a single clear band in other species; and (3) indels, stop codons, and considerable composition bias in COI-like cloned sequences of one problematic species (Lysmata seticaudata), was interpreted as evidence of pervasive non-functional nuclear copies of mitochondrial DNA (numts) of the targeted COI (and probably 12S) mtDNA fragment. The information content of the three mtDNA markers studied was investigated using PI profiling, spectral analysis, and neighbour-nets. Marker-specific PI profiles suggested that the COI marker has the highest information content and greatest power for resolving both shallow and deep nodes in trees depicting the phylogenetic relationship among the species studied. Nonetheless, spectral analysis of splits and neighbour-nets suggested that the 16S and 12S markers were equally or even more powerful than the COI marker for resolving nodes at all phylogenetic levels. Altogether, these analyses suggest that all three mtDNA markers are equally useful for resolving phylogenetic relationships in the shrimps studied, and that PI profiling is not necessarily useful to estimate overall gene utility. A 'total-evidence' phylogenetic analysis that included 34 species and used a concatenated data set of 1403 characters (from reliable 16S, 12S and COI sequences), demonstrated that the genus Lysmata is paraphyletic, and that the monophyletic clade comprising species of Lysmata and Exhippolysmata can be divided into four well-supported subclades (Neotropical, Cleaner, Cosmopolitan, and Morphovariable).
INTRODUCTION
The use of molecular markers for unravelling evolutionary relationships is currently widespread, and the the tempo and mode of diversification (Brooks & McLennan, 2002; Schluter, 2009; Nosil & Schluter, 2011) . Molecular markers have also become increasingly important in applied sciences, including human welfare (Bush et al., 1999; Vijaykrishna et al., 2011) , forensics (Hillis & Huelsenbeck, 1994; Metzker et al., 2002) , conservation biology (Vázquez & Gittleman, 1998; Purvis, Gittleman & Brooks, 2005; Crandall, 2009) , resource management (Carpenter et al., 2011; Marko, Nance & Guynn, 2011) , and invasion ecology (Geller et al., 2008; Freshwater et al., 2009) .
Of paramount importance to all evolutionary studies that profit from molecular phylogenies is the accuracy and robustness of the reconstructed phylogenies. Inferences from evolutionary studies might be seriously flawed when phylogenies are either inaccurate or imprecise. The causes of systematic error that can mislead phylogenetic methods include, but are not limited to: inadequate taxon and/or character sampling (Graybeal, 1998; Rannala et al., 1998; Hillis et al., 2003; Heath, Hedtke & Hillis, 2008) ; long branch attraction (Bergsten, 2005; Kennedy et al., 2005; Waegele & Mayer, 2007) ; the fitting of the data set to evolutionary models (Posada & Crandall, 1998; Sullivan & Joyce, 2005) ; information content in the genes (Graybeal, 1994; Townsend, 2007) ; and nuclear copies of mitochondrial DNA (numts; Lopez et al., 1994; Song et al., 2008) . Among the above, information content (Goldman, 1998; Shpak & Churchill, 2000; Townsend, 2007; Fong & Fujita, 2011) and numts (Song et al., 2008; Buhay, 2009 ) have received considerable attention in the last few years.
Theoretical considerations suggest that the most informative molecular markers for resolving phylogenetic relationships are those that evolve neither too slowly nor too rapidly (Townsend, 2007; Townsend, López-Giráldez & Friedman, 2008) . Markers that evolve too slowly are not expected to be very informative because they will have minor probabilities of change on (e.g. relatively short) internal branches of a phylogenetic tree. In turn, characters that evolve too rapidly are also expected to have low information content because they will nearly always change on one or more of the tips of a phylogenetic tree. These rapidly evolving markers display noise in the form of homoplasy (Graybeal, 1994) . Thus, the information content of molecular markers is maximized at an intermediate rate that optimizes the joint probability of change on the internal branches and lack of change on the tips of the phylogenetic tree (Townsend, 2007; Townsend et al., 2008) . A recently proposed method for measuring phylogenetic informativeness (PI) quantifies the signal inherent in a multiple alignment for a gene along a phylogenetic tree by comparing site-wise evolutionary rates against the ideal rate based on tree length (Townsend, 2007) . The software PhyDesign implements this method and estimates the net PI of one or more markers by measuring the probability that a substitution occurs along an internode, and is not later masked by a subsequent substitution (Townsend, 2007) . The method above is considered much more powerful to assess the utility of molecular markers than other methods that measure PI based on pairwise and saturation curves (Grant & Kluge, 2003; Fong & Fujita, 2011 ; but see Mahon & Neigel, 2008; Klopfstein, Kropf & Quicke, 2010) .
Another problem impacting the accuracy of phylogenetic hypotheses are numts. Numts (sensu Lopez et al., 1994) are copies of mitochondrial-derived genes transposed to the nuclear genome (either by recombination or crossing-over mechanisms). Most of these mitochondrial-derived sequences are not functional, and are also non-coding in the case of protein coding genes (Erpenbeck et al., 2011) . Numts originating from genes from almost the entire mitochondrial genome (see Parr et al., 2006; Erpenbeck et al., 2011) are known to occur in several groups of marine and terrestrial organisms (e.g. Porifera, Erpenbeck et al., 2011; Crustacea, Schneider-Broussard & Neigel, 1997; Buhay, 2009; Nguyen, Murphy & Austin, 2002; Madibulata, Zhang & Hewitt, 1996 ; Aves, Sorenson & Quinn, 1998) . Numts have been shown to be particularly problematic in marine shrimps ), freshwater crayfishes (Song et al., 2008) , birds (Sorenson & Quinn, 1998) , felids (Cracraft et al., 1998) , and primates (Hazkani-Covo & Graur, 2007) , among others (for reviews, see also Bensasson et al., 2001; Richly & Leister, 2004) .
Numts have the potential of severely confounding phylogenetic analyses because the basic assumption of comparison of orthologous sequences is violated when numts are present (Arctander, 1995; Sorenson & Quinn, 1998; Funk & Omland, 2003) . As numts are non-functional copies of mitochondrial DNA (mtDNA) in the nuclear genome, mutations do accumulate once they appear because of the lack of evolutionary constraints (Song et al., 2008; Buhay, 2009) . In contrast, mutations in functional copies of mitochondrial genes are usually purged, probably because such mutations disrupt gene function and result in an evolutionarily selective disadvantage (Buhay, 2009) . If the transfer of mitochondrial genes to the nuclear genome is not recent, but instead occurred in the distant past (e.g. millions of years ago, , numts are most probably highly divergent from their original sequences. If a mixture of moderately or highly divergent numts (unknowingly amplified) and true mitochondrial sequences are used for phylogenetic reconstruction, then the resulting phylogenetic tree is expected to be flawed because the analysis will reflect sister positions between species and/or clades that are not real (see Lopez et al., 1994) . Although mitochondrial genes are frequently used for reconstructing phylogenetic relationships, only a few phylogenetic studies using mitochondrial markers have looked for numts in the data set employed (for arthropods, see Song et al., 2008; Buhay, 2009; Schubart, 2009; and references therein) .
Herein, we are particularly interested in exploring the phylogenetic informativeness and the existence of numts in three mitochondrial genes that are commonly used for phylogenetic reconstruction in many groups of invertebrates (i.e. 16S, 12S, and cytochrome c oxidase I, COI), including shrimps from the infraorder Caridea, an ecologically and economically important group of arthropods (Bauer, 2004; Calado, 2008) . Specifically, we have used caridean shrimps from the genera Lysmata, Exhippolysmata, and Merguia as a model system to accomplish these two goals. These three genera display a considerable diversity of lifestyles, mating systems, social behaviours, and coloration. The 41 currently recognized species of Lysmata, Exhippolysmata, and Merguia (De Grave et al., 2009 ) inhabit shallow or deep, warm temperate, subtropical and tropical, rocky and coral reefs worldwide (Baeza, 2009) . Some species that are not conspicuous in terms of coloration live in large aggregations among rocks in temperate localities (e.g. Lysmata wurdemanni; Bauer & Holt, 1998) . Other species live in small groups and, on occasion, can be found living in the same refuge with toadfishes (e.g. Lysmata udoi; Baeza et al., 2009a) or moray eels (e.g. Lysmata californica; Limbaugh, Pederson & Chace, 1961) in tropical environments. Other species have even adopted a strictly symbiotic lifestyle with tube sponges, and have been shown to be socially monogamous (e.g. Lysmata pederseni; Baeza, 2010a) . Remarkably, some of these monogamous species display striking colour patterns, and apparently provide cleaning services to fishes (e.g. the red blood shrimps Lysmata splendida and Lysmata debelius, and the skunk and/or lady scarlet shrimps Lysmata amboinensis and Lysmata grabhami; Limbaugh et al., 1961; Bruce, 1983; Fiedler, 1998; Baeza, 2009 ). Because of this lifestyle diversity, shrimps from these three genera are currently being used by evolutionary biologists to explore the importance of the environment in favouring behavioural and morphological innovations (Baeza & Bauer, 2004; Baeza, 2006 Baeza, , 2007 Baeza, , 2010a Wong & Michiels, 2011) .
Furthermore, because of the aesthetic value of several Lysmata species and their ability to control aquarium pests (e.g. the sea anemone Aiptasia pallida), shrimps from the genus Lysmata Risso, 1816 are considered valuable 'ornamental' crustaceans in the aquarium trade, which is a multimillion dollar industry (Calado, 2008; Rhyne et al., 2009) . Indeed, immediately after corals, caridean shrimps (mostly from the genus Lysmata) represent the most heavily traded ornamental marine invertebrates worldwide (Calado, 2008) . The harvesting of these shrimps has increased dramatically in the past 15 years worldwide (Calado, 2008; Rhyne et al., 2009) . At present, the mislabelling of the species traded in the industry is rampant (J.A. Baeza, unpubl. data) . Exploring the phylogenetic informativeness of mitochondrial genes and the existence of numts in this outstanding clade of shrimps is warranted. Such studies will inform about the choice of genes for future phylogenetic studies in these shrimps, will accelerate the process of cryptic species identification, and will serve as a base for future conservation efforts, including the development of a barcode for these heavily traded invertebrates.
The aim of this study is to construct a molecular phylogeny of shrimps from the genus Lysmata, Exhippolysmata, and Merguia using the mitochondrial genes 16S, 12S, and COI. This new phylogeny will be used to address the overall evolutionary relationship within and among these genera, and to answer various questions related to the systematic status of several species and clades that have not been fully resolved by previous studies (Baeza et al., 2009b; Baeza, 2010a, b; Fiedler et al., 2010) . Nonetheless, the first goal was to explore the phylogenetic informativeness of the 16S, 12S, and COI gene fragments given that an explicit evaluation of the information content of these widely used markers is still missing in most crustacean clades. Furthermore, we examined the existence of numts in the data set, particularly in the COI gene fragment. The above gene has been proposed as the standard marker for DNA-based species identification ('barcoding'; Hebert et al., 2003; Burns et al., 2007) . COI numts are recognizable by the length and amino-acid/codon composition of the sequences (in the case of coding genes). Nonetheless, numts might still be unknowingly sequenced and assumed to be the targeted mitochondrial gene (e.g. COI numts; Collura & Stewart, 1995; Sorenson & Quinn, 1998; Buhay, 2009) . If the proportion of numts is high compared with that of orthologous mtDNA fragments in a given PCR product, it is possible to generate unambiguous paralogous sequences (Song et al., 2008) . Herein, it was explored whether or not this might be a significant problem that might complicate or impact the development of a COI barcode for this economically and ecologically important group of shrimps.
MATERIAL AND METHODS

TAXON SAMPLING AND DNA EXTRACTIONS
A total of 29 shrimp species from the genus Lysmata, two species from the genus Exhippolysmata (i.e.
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Exhippolysmata oplophoroides and Exhippolysmata ensirostris), and two species from the genus Merguia (i.e. Merguia oligodon and Merguia rhizophorae) were used in the present phylogenetic analysis (Table 1) . One specimen of the closely related family Processidae (Nikoides sp.) was included as an out-group during the phylogenetic analyses. A total of 85 sequences from the 34 species studied were generated during this study. Only 26 of these sequences (all of them 16S) have previously been used to explore the conditions explaining the origins of protandric simultaneous hermaphroditism (Baeza et al. 2009a, b; Baeza 2010a, b) . Most shrimp species were collected between 2006 and 2011 from different localities in Belize, Panama, Papua New Guinea, Japan, Venezuela, and the USA (California, Florida, and Texas), or were obtained from various colleagues (see Acknowledgements). Immediately after collection, specimens were preserved in 95-99% ethanol. The different species were identified using Bruce (1983) , Rhyne & Lin (2006) (2008), and the keys of Chace (1972 Chace ( , 1997 . For further details of voucher specimens and GenBank accession information, see Table 1 . Total genomic DNA was extracted from pleopods or abdominal muscle tissue using the QIAGEN® DNeasy® Blood and Tissue Kit following the manufacturer's protocol. PCR was used to amplify target regions of the three mitochondrial genes studied herein: 16S [557-base pair (bp) region, excluding primers]; 12S (400 bp); and COI (658 bp). For amplification of the 16S gene segment, we used primers 16 L2 (5′-TGCCTGTTTATCAAAAACAT-3′) and 1472 (5′-AGATAGAAACCAACCTGG-3′) (Schubart, Neigel & Felder, 2000; Baeza et al. 2009a) . For amplification of the 12S gene segment, we used primers 12Sf (5′-GAAACCAGGATTAGATACCC-3′) and 12S1R (5′-AGCGACGGGCGATATGTAC-3′) (Mokady et al., 1994 , modified from Kocher et al., 1989 . For amplification of the COI gene segment, we used a modified version of the Folmer's primers HCO2198 (5′-TAAACTTCAGG GTGACCAAARAAYCA-3′) and LCO1490 (5′-GGTCA ACAAATCATAAAGAYATYGG-3′) (Folmer et al., 1994 ; modified by Chris Meyer at the Laboratory of Analytical Biology, National Museum of Natural History, Smithsonian Institution).
PCR CONDITIONS, AMPLIFICATION, AND SEQUENCING
Standard PCR 25-mL reactions [2.5 mL of 10¥ Taq buffer, 2 mL of 50 mM MgCl2, 2.5 mL of 10 mM dNTPs, 2.5 mL each of the two primers (10 mM), 0.625 U Taq (Promega), 1.25 mL of 20 mM BSI, and 8.625 mL double-distilled water (ddH2O)] were performed on a Peltier Thermal Cycler (DYAD®) under the following conditions: initial denaturation at 95°C for 5 min, followed by 30-40 cycles (depending on the gene) of 95°C for 45 s, 48-57°C (depending on the species) for 1 min, and 72°C for 1 min, followed by chain extension at 72°C for 10 min. PCR products were purified with ExoSapIT (a mixture of exonuclease and shrimp alkali phosphatase; Amersham Pharmacia) and then sent for sequencing with the ABI Big Dye Terminator Mix (Applied Biosystems) to the Laboratory of Analytical Biology of the National Museum of Natural History (LAB, NMNH, Maryland, MD, USA), which is equipped with an ABI Prism 3730xl Genetic Analyzer (Applied Biosystems automated sequencer). All sequences were confirmed by sequencing both strands, and a consensus sequence for the two strands was obtained using SEQUENCER 4.5 (Gene Codes Corp.).
SEQUENCE ALIGNMENT AND ANALYSIS
The alignment of each set of sequences was conducted using Multiple Sequence Comparison by LogExpectation in the software MUSCLE (Edgard, 2004) .
The alignments of the COI gene fragment had no indels, and was unambiguous (but see below). In contrast, the aligned sequences of the 16S and 12S gene fragments contained several indels and were ambiguous. Thus, we identified positions that were highly divergent and poorly aligned in the 16S and 12S gene segments using GBLOCKS 0.91b (Castresana, 2000) , and we omitted these from the analyses. After highly divergent positions were pruned, the 16S and 12S data sets consisted of 449 and 296 bp, respectively.
The three data sets were first analysed with jMODELTEST 0.1.1 (Posada & Crandall, 1998) , which compares different models of DNA substitution in a hierarchical hypothesis-testing framework to select a base substitution model that best fits the data. For the 16S gene fragment, the optimal model found by jMODELTEST (selected with corrected Akaike's information criterion, AIC c) was an HKY + I + G evolutionary model (-lnL = 4124.0229). The calculated parameters were as follows: assumed nucleotide frequencies A = 0.3097, G = 0.1833, T = 0.3949, and C = 0.1121; a transition/tranversion ratio, ti/tv = 3.2536, with k = 8.0493; rates for variable sites assumed to follow a gamma distribution (G) with shape parameter = 0.4010 and a proportion of invariable sites (I) = 0.3410. For the 12S gene fragment, the optimal model found by jMODELTEST was a TIM2 + G evolutionary model (-lnL = 3342.3607). The calculated parameters were as follows: assumed nucleotide frequencies A = 0.3401, G = 0.2044, T = 0.3434, and C = 0.1121; substitution rate matrix with A → C substitution = 1.6591, A → G = 3.8925, A → T = 1.6591, C → G = 1.0, C → T = 10.0494, and G → T = 1.0; rates for variable sites assumed to follow a gamma distribution (G) with shape parameter = 0.5040. For the COI gene fragment, the optimal model found by jMODELTEST was a GTR + I + G evolutionary model (-lnL = 7297.5471). The calculated parameters were as follows: assumed nucleotide frequencies A = 0.3132, G = 0.1189, T = 0.3365, and C = 0.2313; substitution rate matrix with A → C = 0.0, A → G = 6.0751, A → T = 0.5309, C → G = 0.4492, C → T = 4.2260, and G → T = 1.0; rates for variable sites assumed to follow a gamma distribution (G) with shape parameter = 0.5650 and a proportion of invariable sites (I) = 0.5010. These models were implemented in MRBAYES (for Bayesian inference analysis; Huelsenbeck & Ronquist, 2001 ) and TREEF-INDER (for maximum-likelihood analysis; Gangolf et al., 2004) .
A 'total evidence' analysis (Grant & Kluge, 2003) was conducted, and thus the three different alignments were concatenated into a single data set consisting of 85 sequences and 1403 bp; however, this analysis included only reliable sequences (see below), and the data set was partitioned into three different segments, each with a different model of evolution (see above). Missing data were designated as '?' in the alignment. All the parameters used for the ML analysis were those of the default option in TREEFINDER. For BI, unique random starting trees were used in the metropolis-coupled Markov chain Monte Carlo (MCMC) analysis (Huelsenbeck, 2000) . The analysis was performed for 6 000 000 generations. Every 100 th tree was sampled from the MCMC analysis, obtaining a total of 60 000 trees, and a consensus tree with the 50% majority rule was calculated for the last 59 900 trees sampled. The robustness of the ML tree topology was assessed by bootstrap reiterations of the observed data 2000 times, reconstructing trees using each resampled data set. Support for nodes in the BI tree topology was obtained by posterior probability. Finally, we also conducted separate ML and BI phylogenetic analyses for each gene fragment to reveal any possible discordance in the relationships among species.
PHYLOGENETIC INFORMATIVENESS OF MITOCHONDRIAL MARKERS
To determine the PI of the three different mitochondrial gene fragments, we used the online program PhyDesign (available at http://phydesign.townsend. yale.edu; Townsend, 2007) . PI represents a quantitative measure of phylogenetic power of a marker over the history encompassed by an inferred phylogeny (Townsend, 2007) . Two relevant results from a PI analysis are the time at which PI reaches its maximum (PI max) and the shape of the PI profiles. PImax represents the specific time at which the marker is most phylogenetically informative. In turn, the shape of PI profiles (i.e. the curve depicting the relationship between PI and time, either relative or absolute) can be used to estimate the overall utility of molecular markers. Low, flat curves indicate less useful genes, whereas curves with a sharp peak characterize the genes most useful for a narrow timescale, and steadily increasing or broad curves represent genes that are useful over longer time scales (Fong & Fujita, 2011) . Thus, PI analysis informs about the optimal time scale (comparison based on the PI max) and relative utility (comparison of PI curves) of different molecular markers (Fong & Fujita, 2011) .
PhyDesign requires an alignment and an ultrametric tree topology. Unfortunately, there is no fossil record of the Lysmatidae and the Merguidae that would allow the direct dating of particular nodes in the phylogenies retrieved. Thus, for the PI analysis, the phylogenetic trees were not explicitly dated and a relative timescale was used instead, assigning a time = 0 at the tips and a time = 1 at the root. Phylogenetic trees were converted to ultrametric trees using MEGA 5 (Tamura et al., 2011) .
PhyDesign was run on a concatenated alignment partitioned by gene fragment. The software HyPhy (Pond et al., 2005) was used to calculate the PI of the three fragments (16S, 12S, and COI). To explore the possible influence of tree topology on PI profiles of the three gene fragments, PI profiles were calculated using two different tree topologies retrieved from the ML and BI analyses. To explore the relationship among the species studied, each of the phylogenetic trees above used reliable sequences from the three gene fragments studied (i.e. sequences obtained without problems during sequencing, see below). Thus, two PI calculations were obtained for each gene.
SPECTRAL ANALYSIS AND NEIGHBOUR-NETS FROM THE DIFFERENT MARKERS
To further explore the PI of the three different mitochondrial gene fragments, we conducted spectral analyses (Hendy & Penny, 1993) and built phylogenetic networks for each marker with the software SplitsTree 4 (Huson & Bryant, 2006) . Spectral analysis permits the exploration of phylogenetic signal in markers without the need of forcing a single optimal tree during the analysis (Hendy & Penny, 1993; Hendy, Penny & Steel, 1994; Lento et al., 1995) . Thus, spectral analysis represent a description of the phylogenetic information in a set of sequences that is independent of any reconstruction method, model of DNA evolution, and, ultimately, tree topology (Huson & Bryant, 2006) .
In a phylogenetic tree that represents the relationships of N aligned sequences (taxa) there are 2 (N -1) possible splits (i.e. every possible bipartition of the sequences in two subsets). The tree has N terminal splits, N -2 internal splits, and a maximum of 2N -3 splits (Lento et al., 1995) . The support (or weight) for each split (bipartition) in a phylogenetic tree is usually limited, and thus there is conflict associated with a lack of support. Split support values can be calculated as units of the expected number of substitutions per site separating both subsets of sequences (Lento et al., 1995) . These values reflect the level of evidence in the data for a given bipartition in the tree, and are equivalent to a branch length separating the two partitioned subsets (Huson & Bryant, 2006) . In turn, conflict values are computed as the sum of support for all bipartitions in the tree that are not compatible with a particular split.
Splits tree 4 was used to generate splits for each gene fragment calculated with the option SpectralSplits (Hendy & Penny, 1993) . The weight (support) and conflict values calculated for each split were then exported to the open source CALC software for visualization and plotted as Lento diagrams (Lento et al., 1995) . In a Lento diagram, splits are ordered from left to right according to their support (decreasing from left to right, and given above the x-axis) and conflict values (increasing from left to right, and given below the x-axis). Also, in a Lento diagram, some splits, called terminal or trivial, separate a single sequence from the rest of the sequences in the data set, and hence do not provide information about the relationship among the sequences (Lento et al., 1995) . These terminal splits were not considered when the null hypothesis of no differences in support values among molecular markers was tested with a one-way analysis of variance (ANOVA), using the ML tree as a reference for internal splits. Before running the ANOVA, the assumptions of homocedasticity of variances and normal distribution of the residuals were explored and found to be satisfactory.
Finally, splits tree 4 was also used to calculate neighbour-nets using uncorrected p-distances (or Hamming distances) with the option Neighbor-Net. A neighbor net represents the sum of support and conflict for each split in the set of aligned sequences, and shows the distribution of information in the data set. Contradictory signals are represented by box-like parts in the neighbour-net. In turn, sections of the neighbour-net with little conflict are more tree-like.
COI-DERIVED
Consistent problems were experienced when attempting to obtain COI and 12S sequences from many of the species studied (see results). In some species, clear double peaks were observed in both forward and reverse COI and 12S sequences. In other species, the chromatograms were reliable (clear and readable) immediately after the primers, but then the signal deteriorated, usually at the same location in both forward and reverse sequences. All these sequences were not used for the phylogenetic analysis of the species studied, and for the exploration of PI (see above). Importantly, the information above suggests that multiple sequences were being amplified with the set of primers used (see Buhay, 2009) . In order to explore the existence of nuclear copies of mitochondrial-derived genes in the COI data set, and with the purpose of revealing the level of pseudogene sequence variation, we cloned COI from total genomic DNA. However, because of logistic, time, and monetary constraints we limited this analysis to a single individual and species. In L. seticaudata, COI PCR amplicons were cloned into pCR 2.1 vector using TOPO TACloning Kit (Invitrogen) following the manufacturer's instructions. A total of five different bacterial colonies were randomly chosen from agar plates and a small fragment from each colony was pulled out from the plate with a sterilized micropipette tip. Each of the different fragments was suspended in 100 mL of ddH 2O by vortexing and sequenced (using a 25-mL portion of the of ddH2O with the suspended bacterial matter) in both directions using standard M13 primers and the modified COI primers. Next, PCR products were cleaned and sequenced using the same protocol detailed above. New ML and BI phylogenetic analyses were conducted using all species, from which we successfully amplified COI sequences plus the five cloned sequences obtained from the single individual of L. seticaudata. The rationale for this first phylogenetic analysis was to determine how derived the numt-like COI-derived sequences were, and the effect of these sequences in the phylogenetic relatedness among the species studied.
Finally, MEGA 5 (Tamura et al., 2011) was used to conduct an amino acid usage analysis of the COI cloned and non-cloned sequences. This analysis permits the exploration of amino acid composition, protein structure, and the frequency and distribution of mutations along genes (Sharp & Li, 1987; Sueoka, 1999) . The exploration of differences in the composition of sequences has been used before for distinguishing mitochondrial DNA from numts, including COI pseudogenes (as an example for crustaceans, see Song et al., 2008; Buhay, 2009 , and references therein).
Sequences were exported to MEGA 5 and aligned with ClustalX (no additional manual editing was needed) using sequences of Cherax destructor (GenBank accession number NC 011243; Miller et al., 2004) , Halocaridina rubra (DQ917432; Ivey & Santos, 2007) , Macrobrachium rosenbergi (AY659990; Miller et al., 2005) , and Exopalaemon carinicaudata (EF560650; Shen et al., 2009) as reference reading frames. All these reference COI sequences were retrieved via cDNA. The start of the COI gene is ACG in C. destructor, M. rosembergi, and E. carinicaudata, and is CCG in H. rubra (Miller et al., 2004 (Miller et al., , 2005 Ivey & Santos, 2007; Shen et al., 2009) . For the amino acid usage analysis, the first base used was the second nucleotide in our sequences that corresponds to the 43 rd nucleotide and the start of the 15 th triplet in the three other decapod crustaceans used as references. The last triplet of the sequences analysed was either TTT or TTC. All sequences were translated using the invertebrate mitochondrial code. Gaps added to the COI sequences during the alignment were deleted for the amino acid usage analysis. Comparison of the frequency and the highest and lowest amino acid counts were conducted between the five clones obtained from the single specimen of L. seticaudata, the remaining COI sequences retrieved from GenBank, and those generated in this study.
RESULTS
During this study, a total of 34 (100%), 26 (76%), and 25 (73%) sequences from the 16S, 12S, and COI gene fragments, respectively, were successfully generated from the 34 species studied. A total of 164 (36.5%, 16S), 168 (56.8%, 12S), and 262 (39.8%, COI) positions were found to be parsimony informative out of 449 (16S), 296 (12S), and 658 (COI) homologous alignment positions.
With respect to the 12S gene fragment, in four, three, and one out of the eight species from which it was not possible to obtain sequences, no band, a single band (corresponding to the assumed size of the 12S gene fragment), or two bands (corresponding to the assumed size of the 12S gene fragment plus a shorter fragment) were observed, respectively, after gel chromatography of PCR products. In the three species in which one or two bands were obtained, the chromatograms both in forward and reverse sequences were clear initially, but the signal deteriorated considerably afterwards. In these species, no contiguous sequence from forward and reverse sequences was possible. Repeated attempts to obtain clear sequences with alternative annealing temperatures during the PCR reactions consistently failed to produce reliable forward and reverse sequences.
Similarly, with regards to the COI gene fragment, in all but one of the nine species from which no COI sequences were retrieved from freshly fixed specimens, a single bright band corresponding to the assumed size of the gene fragment was observed after gel electrophoresis of PCR products. However, in three out of the eight species from which bands were obtained, the chromatograms both in forward and reverse sequences were clear initially, but the signal deteriorated considerably afterwards. In these species, no contiguous sequence from forward and reverse sequences was possible. In the remaining five species, a contiguous sequence was possible, but double peaks were numerous in both forward and reverse COI sequences. All these sequences were discarded for the phylogenetic informativeness and final phylogenetic analyses.
Overall, the information above suggests that multiple sequences were being amplified in the case of the COI gene fragment (see Buhay, 2009) , and most probably in the 12S gene fragment too.
COI-DERIVED NUMTS IN LYSMATA SETICAUDATA
The five randomly chosen clones of COI obtained from a single specimen of L. seticaudata each differed from one another (uncorrected p-distances varied between 0.002 and 1.012). A total of seven stop codons (TAA and TAG) were found in clones 1, 2, and 5. Clones 3 and 4 have no stop codons. Examination of amino acid usage revealed clear differences between clones and COI sequences from other species of Lysmata and allies, and from other caridean shrimps (Fig. 1) . Importantly, no or minimal differences in amino acid usage were noticed between COI sequences from Lysmata and other caridean shrimps and decapod crustaceans for which COI sequences were retrieved entirely via cDNA (C. desctructor, H. rubra, M. rosenbergi, and E. carinicaudata) . The average and range of variation of amino acid frequencies for the three different data sets are shown in Figure 1 . The COI sequences from the reference group and from the Lysmata and allies group showed minimal differences in average amino acid frequency between each other. Furthermore, both in the Lysmata + allies and Caridea + Decapoda data sets, the variation in amino acid-specific frequencies was remarkably low. In contrast, amino acid use variation in the cloned data set was high, and distinctively higher than that observed in the Lysmata + allies and Caridea + Decapoda data sets (compare the different profiles in Fig. 1) . Overall, the analysis above on amino acid usage suggests that the COI fragment studied is conserved within species of Lysmata and allies, and also within the Caridea + Decapoda.
Cloned COI sequences could be aligned with the COI data set from Lysmata, but various indels were necessary (Fig. 2) . A preliminary exploratory phylogenetic analysis that included the five clones and the species of Lysmata from which reliable COI sequences were generated revealed that clones group together in two different clades. Clones 3 and 4 grouped together and formed a well-supported monophyletic clade with Lysmata gracilirostris. These latter two sister clones to L. gracilirostris were highly derived, as denoted by the branch length separating them from L. gracilirostris and the remaining species of Lysmata (Fig. 2) . Clones 1, 2, and 5 also formed a well-supported monophyletic clade, but their position with respect to other species of Lysmata was not well resolved.
EXHIPPOLYSMATA, AND MERGUIA Phylogenetic trees using only reliable sequences (see above) obtained with ML and BI resulted in the same general topology (Fig. 3) . In contrast to that reported by previous analyses, the phylogenetic analyses herein conducted did not support the genus Merguia as the sister group of a second natural group composed by shrimps from the genera Lysmata and Exhippolysmata. However, the monophyly of Merguia and of Lysmata + Exhippolysmata is well supported by a high posterior probability obtained from the BI analysis, and by bootstrap support from the ML analysis (Fig. 3) . Also in contrast to that reported by previous analyses, the position of Lysmata olavoi as the most basally placed species within the monophyletic clade composed of species of Lysmata and Exhippolysmata is not supported by the ML and BI analyses. The species of Lysmata and Exhippolysmata can be subdivided into four monophyletic subclades. The first monophyletic clade [well supported by ML (95) and BI (100) analyses], previously named 'Neotropical' or 'Tropical American', is composed of seven or eight species (if L. wurdemanni from the north Gulf of Mexico and from East Florida are considered two different species). Six or seven species inhabit the wider Caribbean and/or the Gulf of Mexico, and one species is from the Eastern Pacific (Fig. 3) . Within this clade, the basal position of the Eastern Pacific L. gracilirostris is well supported by the BI (100) and ML (95) analyses. The only pair of species supported (both BI and ML values = 100) as sister taxa in this clade are Lysmata ankeri and L. pederseni.
The second monophyletic group [well supported by ML (100) and BI (100) analyses], previously named the 'Cleaner' clade, include three colourful and putatively fish-cleaning species: two 'skunk' or 'lady scarlet' shrimps, L. amboinensis and L. grabhami, that are well supported as sister taxa by ML (93) and BI (100) analyses within this group, and the red blood shrimp L. debelius, the basal position of which within the clade is also well supported (Fig. 3) . Importantly, the topology of the trees indicate that two less colourful peppermint shrimps from the Eastern Pacific, Lysmata nayaritensis and L. californica, are related, and have a basal position within this clade; however, ML bootstrap and BI support values for the position of these two latter species is only moderate (Fig. 3) .
The third clade, named the 'Cosmopolitan' clade [well supported by ML (91) and BI (94) analyses], is composed of nine species: two from the Mediterranean (Lysmata nilita and L. seticaudata), three from the western Atlantic (Lysmata moorei, Lysmata intermedia, and Lysmata cf. intermedia sp. nov.), three from the tropical eastern Pacific (Lysmata galapagensis, Lysmata argentopunctata, and Lysmata holthuisi), and one from the Indo-Pacific (Lysmata cf. ternatensis). Two pairs of species (L. intermedia and L. cf. intermedia sp. nov.; L. galapagensis and L. moorei) are well supported as sister taxa by ML and BI analyses (Fig. 3) .
The fourth clade, named 'Morphovariable', was retrieved from both ML and BI phylogenetic analyses; however, high support for the monophyly of this clade was obtained only from the BI analysis [the ML bootstrap value was moderate (79)]. This clade is composed of three pairs of well-supported sister taxa: the Caribbean Lysmata hochi and the Indo-Pacific Lysmata kuekenthali, the Indo-Pacific Lysmata vittata, and the Caribbean Lysmata cf. rauli, and two shrimps from the genus Exhippolysmata (Exhippolysmata oplophoroides from the western Atlantic and Exhippolysmata ensirostris from the Indo-Pacific) (Fig. 3) .
Phylogenetic trees obtained with ML and BI but conducted using a single mitochondrial marker resulted in somewhat similar general topologies (Fig. 4) . Most of these single-gene analyses retrieved the monophyletic clades observed in the multigene tree described above. Nonetheless, in some cases, the separation of the species on the different monophylectic clades was only partial. For instance, in both the ML and the BI trees based on the 12S gene fragment, L. pederseni and L. ankeri were well supported as sister species, but were not included within the Neotropical clade retrieved during the total-evidence analysis (Fig. 4) .
PHYLOGENETIC INFORMATIVENESS OF MOLECULAR MARKERS
The PI of the three markers varied in terms of level of phylogenetic signal and optimal timescale (Fig. 5) . The PI curve of the COI marker had a relatively sharp peak, indicating its usefulness on narrow time scales. In turn, the PI profiles of the 16S and 12S gene fragments were broad, but with a tendency to be flat compared with that of the COI. This suggests the low general utility of the 16S and 12S fragments. Nonetheless, the PI profile of the 12S and 16S genes indicate that these ribosomal markers do have power, over comparatively longer periods of time, to resolve shallow divergences.
The comparison of the PI max of the different markers suggests that COI is most ideal for shallow divergence (average PImax = 0.1 and 0.05 using the ML and BI trees as a reference, respectively). In turn, 12S [average PImax = 0.23 (ML) and 0.13 (BI)] and 16S [average PImax = 0.29 and 0.14 (BI)] are useful for more intermediate/deep divergences.
The net informativeness of the three mitochondrial markers above was 8.44 (ML) and 16.5 (BI) for 16S, 9.26 (ML) and 17.7 (BI) for 12S, and 21.69 (ML) and 40.7 (BI) for COI. Calculating the informativeness per base pair allows the estimation of the costeffectiveness of character sampling across genes. The rank order of the three markers studied by informativeness per base pair was COI~12S > 16S [i.e. 3.29 (ML) and 6.19 (BI), 3.12 (ML) and 5.99 (BI), and 1.87 (ML) and 3.67 (BI), respectively].
SPECTRAL ANALYSIS AND NEIGHBOUR-NETS
The Lento plots and neighbour-nets for each of the three molecular markers are shown in Figures 6 and 7 , respectively. As expected, the spectrum analysis indicates that most of the evolutionary change in the three markers studied is restricted to terminal splits (or terminal branches in a tree) that are uninformative about relationships among the species studied. Although many of the internal splits have low support, several other internal splits are relatively well supported and have little conflict. No significant differences in support values for internal splits were found among the three molecular markers (one-way ANOVA, F = 1.4, d.f. = 2,53, P = 0.2550). Nonetheless, support for various internal splits was consistently greater with the 16S and 12S markers than with the COI marker. Also, conflict for various internal splits was consistently lower with the 16S and 12S markers than with the COI marker. For instance, support (i.e. expected number of substitutions per site) for the 'Cleaner' clade as a group (split CC in Fig. 3 ) was 0.0218, 0.0447, and 0.0153 in trees based on 16S, 12S, and COI gene fragments, respectively, and conflict (i.e. the sum of support for all bipartitions in the tree not compatible with that particular split) was 0.0071, 0.0107, and 0.0126 in the 16S, 12S, and COI trees, respectively. Similarly, for most pairs of well-supported geminate species (indicated previously by ML and BI phylogenetic analyses), support and conflict was consistently greater and lower, respectively, with the 16S and 12S markers, than with the COI marker [e.g. support and conflict values, respectively, for the E. ensirostris-E. oplophoroides (split EE) were 0.0589 and 0.0043 from 16S, 0.0861 and 0.0005 from 12S, and 0.0329 and 0.0065 from COI; support and conflict values, respectively, for L. pederseni-L. ankeri (split PA) were 0.0241 and 0.0052 from 16S, 0.0442 and 0.0036 from 12S, and 0.0288 and 0.0184 from COI]. Finally, support and conflict for the splits closer to the root of the tree in the ML reference tree were generally weak and high, respectively. This implies the existence of one or more splits not shown in this ML tree (i.e. incompatible with the tree) that have more support than the particular splits in the ML tree.
The neighbour-nets constructed to visualize conflicting signals in the different markers strongly agree with the results above (Fig. 7) . The COI gene fragment net resembles an anastomosing network showing some support for almost all possible relationships among sequences, and thus considerable conflict with regards to the monophyly of most clades retrieved from the ML and BI total-evidence analyses. This is also depicted by the large number of splits found at the interior of the net. In turn, neighbournets from the 12S and 16S markers were tree-like compared with that of the COI marker. The 16S neighbour-net was the best resolved (in relative terms), and showed segregation of species in all four clades previously detected with the ML and BI phylogenetic analyses (Fig. 3) .
DISCUSSION
COI-DERIVED NUMTS IN SHRIMPS FROM THE
GENUS LYSMATA While attempting to obtain COI and 12S sequences during this study, problems were experienced in~25% of the species studied. In most of the above (problematic) species, a single clear band of the expected size was observed during electrophoresis of PCR products. Nonetheless, sequencing of the PCR products and subsequent chromatogram analysis demonstrated the existence of double peaks both in forward and reverse COI and 12S sequences. In some of the same species the chromatograms were reliable (clear and readable) immediately after the primers, but the signal then deteriorated, usually at the same location in both forward and reverse sequences. Importantly, the isolation of PCR bands of the proper size from gels also failed to generate clean sequences, even after repeated attempts (both in COI and 12S). Altogether, this suggests that in shrimps from the genus Lysmata, paralogous sequences are co-amplified with the targeted mtDNA (COI and 12S) with the sets of primers used here (see .
Importantly, cloning of COI PCR products from one of the problematic species (L. seticaudata) demonstrated the presence of various indels and stop codons. Also, the analysis of amino acid usage of these cloned sequences indicated considerable variability in amino acid composition. Compositional bias among the cloned sequences was also much more accentuated than that found in the actual COI sequences from other species of Lysmata, Exhippolysmata, and Merguia, and from other crustaceans in other families (e.g. Macrobrachium and Exopalaemon) and orders (crayfish). The composition bias of the later sequences was minimal. The existence of: (1) multiple bands on gels of PCR products (as observed in this study), (2) double peaks, background noise, and ambiguity in sequence chromatograms of PCR products that produced a single clear band, and (3) indels, stop codons, and considerable composition bias in cloned sequences of the problematic species L. seticaudata, is herein interpreted as evidence of non-functional numts of the targeted COI mitochondrial gene fragment in shrimps from the genus Lysmata (see Song et al., 2008; Buhay, 2009) .
Admittedly, evolutionary processes other than nuclear integration of mtDNA might also explain these results. For instance, heteroplasmy (i.e. the presence of more than one type of mitochondrial genome within a single individual; Frey & Frey, 2004) has been suggested to explain the existence of multiple COI copies in insects (Frey & Frey, 2004) . Usually, heteroplasmy is suspected when cloned sequences are very similar to the targeted mtDNA, and if stop codons and indels are not present in the cloned sequences (Frey & Frey, 2004; Song et al., 2008) . In L. seticaudata, the cloned sequences were remarkably dissimilar from non-numt COI sequences, and the former sequences contained a relatively large number of stop codons. Thus, heteroplasmy does not appear to explain the existence of multiple copies of COI in L. seticaudata.
A second process that might explain the existence of multiple COI-like sequences in L. seticaudata is duplication within the mitochondrial genome (Campbell & Baker, 1999) . However, mtDNA gene duplication has not been reported for caridean shrimps in which the mitochondrial genome has been sequenced, and gene duplication is not common in the Splits of interest are indicated with different codes. CC refers to the split between species pertaining to the Cleaner clade and the remaining species in the totalevidence phylogenetic analysis. EE refers to the split between the geminate species Exhippolysmata ensirostris and Exhippolysmata oplophoroides and the remaining species in the total-evidence phylogenetic analysis. PA refers to the split between the geminate species Lysmata pederseni and Lysmata ankeri and the remaining species in the total-evidence phylogenetic analysis. Figure 7 . Neighbour-nets generated using SplitsTree4 from the three mtDNA gene fragments studied (16S, 12S, and COI) in shrimps from the genera Lysmata, Exhippolysmata, and Merguia. Species pertaining to the different monophyletic clades previously revealed by the combined analyses of the three mtDNA gene fragments are highlighted with different colours, as in Figure 3 . Abbreviations: LA, Lysmata ankeri; LABP, Lysmata cf. vittata; LAM, Lysmata amboinensis; LARG, Lysmata argentopuctata; LBA, Lysmata bahia; LBO, Lysmata boggessi; LCA, Lysmata californica; LD, Lysmata debelius;
LGA, Lysmata galapagensis; LGB, Lysmata grabhami;
LGR, Lysmata gracilirostris; LH, Lysmata hochi; LHO, Lysmata holthuisi; LI, Lysmata intermedia; LIM2, Lysmata cf. intermedia; LK, Lysmata kuekenthali; LM, Lysmata moorei; LN, Lysmata nayaritensis; LNI, Lysmata nilita; LO, Lysmata olavoi; LP, Lysmata pederseni; LRA, Lysmata rafa; LSET, Lysmata seticaudata; LT, Lysmata cf. ternatensis; LV, Lysmata vittata; LU, Lysmata udoi; LWEF, Lysmata wurdemanni EFL; LWG, Lysmata wurdemanni TX; LWWF, Lysmata wurdemanni WFL; EXO, Exhippolysmata oplophoroides; EXE, Exhippolysmata ensirostris; MO, Merguia oligodon; MR, Merguia rhizophorae; and NSP, Nikoides sp. ᭤ mitochondrial genome of crustaceans (but see Segawa & Aotsuka, 2005) . It is also considered unlikely, but cannot be ruled out, that Taq polymerase errors during PCR reactions are responsible for the existence of multiple COI-like sequences in L. seticaudata (see ). However, the precision of the Taq polymerase used here is high (mutation frequency bp
), and previous studies suggest that sequences that differ by up to 5 bp (and much less, but not more) are probably the result of Taq polymerase errors . The differences between the two pairs of sequences reported herein exceed this limit. Although alternative processes causing sequencing of multiple copies of mtDNA need to be explored in more detail in the species studied, the available information suggests the existence of COI numts, and probably 12S numts, in the shrimp species studied.
A preliminary phylogenetic analysis using both numts and actual COI ortholog sequences from various species of Lysmata segregated numts into two clades within the phylogenetic tree retrieved. One of the clades was highly divergent from the other numt sequences that clustered together, as well as from the remaining ortholog COI sequences obtained from other species. This strong dissimilarity among numt sequences and their position in the phylogenetic tree suggests that more than a single transfer event from the mitochondrial genome to the nucleus have taken place in L. seticaudata (as reported previously in mammals, sponges, and crustaceans, among others; Fukuda et al., 1985; Bensasson, Zhang & Hewitt, 2000; Song et al., 2008; Erpenbeck et al., 2011) . Alternatively, a unique transfer occurring in the distant past followed by numt duplication after translocation to the nuclear genome might explain the observed highly divergent numt sequences in L. seticaudata (Tourmen et al., 2002; Bensasson, Feldman & Petrov, 2003; Kim et al., 2006) . Unfortunately, the information generated herein does not allow us to distinguish between these two non-mutually exclusive hypotheses. Additional cloning of numt-like COI sequences in L. seticaudata and in other species might help to reveal the number of transfer events from the mitochondrial genome to the nucleus and numt duplication after translocation in shrimps from the genus Lysmata.
Importantly, considering the remarkable morphological similarity between L. seticaudata and L. intermedia (D'udekem D'acoz, 2000) , it could be expected that the least derived numts of L. seticaudata would cluster together and/or form part of a monophyletic clade containing L. intermedia. Nonetheless, in contrast to our expectations, none of the COI numts from L. seticaudata clustered together with L. intermedia and formed a single well-supported clade. This lack of segregation illustrates the extent of systematic uncertainty that is caused if a combination of numts and mtDNA sequences are used during phylogenetic analysis. If numts were unknowingly amplified in L. seticaudata instead of the targeted COI gene fragment, any phylogenetic analysis would be flawed: the species would cluster together with unrelated taxa, incorrectly indicating morphological convergence among species from different monophylectic clades. Furthermore, two of the highly derived numts (that clustered together) were segregated from other COI sequences by way of a long branch (see trees in Fig. 2) , suggesting that the use of a combination of highly derived numts and actual COI sequences might additionally create long branch attraction problems during phylogenetic analyses (Kennedy et al., 2005) . Numts can be, and have been, unknowingly amplified and assumed to be the targeted orthologous mtDNA sequence (Song et al., 2008 , Buhay, 2009 . Theoretically, it is even possible to sequence highly derived numts if mutations have not accumulated (by chance) in the region targeted by primers, but have repeatedly taken place and intensively accumulated in the region located among primers of the nuclear translocated sequence. If highly derived numts (unknowingly amplified) together with actual COI sequences have been used for phylogenetic reconstruction in these shrimps, the phylogenetic analysis(es) would have suggested inaccurate (but perhaps robust) relationships among the species studied.
Finally, COI (and probably 12S) numts appear to be pervasive in the genus Lysmata, as problems were experienced in~25% of the targeted species when attempting to obtain COI and 12S sequences. This high prevalence of COI (and probably 12S) numts in the genus Lysmata creates a serious challenge for the development of a DNA barcode in these valuable ornamental shrimps (Calado 2008) . It has become imperative to develop a DNA barcode for Lysmata and related genera given their traded volume, unknown exploitation levels of various species from coral reef environments, and the pervasive mislabelling of these shrimps in the aquarium trade (J.A. Baeza, unpubl. data) . Numts of recent origin within a species often appear sister to functional sequences, whereas numts that arose earlier in the phylogeny of a clade often appear as basal clusters found across many species (Arctander, 1995; Buhay, 2009 ). Thus, a first problem arising from the existence of numts is that DNA barcoding analyses incorrectly overestimate the number of evolutionarily significant units and unique species based on the standard metric of 3% sequence divergence (see Song et al., 2008) . Furthermore, DNA barcoding strives for rapid and inexpensive generation of molecular species tags (Song et al., 2008; Buhay, 2009 ). This will certainly be not the case if a DNA barcode is developed in Lysmata using COI or 12S genes. COI has been successfully used as a barcode in a wide range of marine and terrestrial vertebrates and invertebrates (Hebert et al., 2003; Waugh, 2007) ; however, in other groups, this gene fragment does not work well, and other mitochondrial or nuclear markers have been proposed as alternatives (Waugh, 2007; Buhay, 2009 and references therein) . Herein, we suggest that the mtDNA 16S gene might be used as a barcode alternative in ornamental shrimps given the apparent absence of numts in this marker and high information content (see below). Indeed, previous studies using 16S as a barcode have successfully differentiated among cryptic species complexes in the genus Lysmata, resulting in the description of new species and validation of other species differentiated from one another by minimal but consistent morphological traits (e.g. L. udoi, Baeza et al., 2009b; L. grabhami versus L. amboinensis, Baeza, 2010a Baeza et al., 2009a, b; Baeza, 2010a) . A third analysis conducted by Fiedler et al. (2010) , which used many of the sequences generated in the first two studies, confirmed the inferences from Baeza et al. (2009a) and Baeza (2010a) . Importantly, a preliminary exploration by Fiedler et al. (2010) of the relationship among 12 species of Lysmata, one species of Exhippolysmata, and one species of Merguia using the nuclear gene 28S suggested a close relationship between Exhippolysmata and shrimps from the genus Parhippolyte, with the latter from another family (Barbouridae), rather than between Exhippolysmata and Lysmata, as suggested by phylogenetic reconstructions using mtDNA.
The present study, using a total-evidence approach that included three different mtDNA gene fragments, 34 species, and a concatenated data set of 1403 characters, confirms most of the previous inferences about the intra-and intergeneric relationships of Lysmata and Exhippolysmata. For instance, the monophylies of the four currently accepted subclades within Lysmata + Exhippolysmata are confirmed with high support. These analyses additionally support previous results indicating that the genus Lysmata is paraphyletic, as it includes the genus Exhippolysmata (Baeza et al., 2009a, b; Baeza, 2010a; Fiedler et al., 2010) . This last observation, however, disagrees with preliminary phylogenetic inferences based on one nuclear gene (Fiedler et al., 2010) . Finally, most of the relationships previously found within monophyletic clades, including those between geminate species, were confirmed with high support during the present analyses.
On the other hand, this phylogeny failed to support the sister relationship previously suggested to exist between semiterrestrial shrimps from the genus Merguia and the Lysmata + Exhippolysmata monophyletic clade (see Baeza et al., 2009a, b; Baeza, 2010a) . Importantly, the rates of evolution herein detected for the three mitochondrial genes studied and their PI profiles (see below for a detailed discussion about PI profiles) suggest that these mtDNA markers do not have enough phylogenetic information to resolve deep nodes such as those previously suggested among Lysmata and Merguia, and the different subclades within Lysmata + Exhippolysmata. We argue in favour of additional studies examining the relationships among peppermint, cleaner, and semiterrestrial shrimps using not only mitochondrial but also nuclear genes. The PI of nuclear genes is assumed, or, in some cases, has been demonstrated to peak at greater sequence divergence compared with more recent sequence divergence in mitochondrial genes (Colgan et al., 1998; Mahon & Neigel, 2008; Klopfstein, Kropf & Quicke, 2010) . Therefore, these nuclear genes should successfully resolve nodes reflecting deep phylogenetic relationships among the genera above. Of particular interest is the exploration of phylogenetic relationships among the genera Lysmata, Exhippolysmata, Merguia, and the allied genera Barbouria, Calliasmata, Lysmatella, and Parhippolyte. Disentangling the phylogenetic relationships among these genera will aid in revealing the evolutionary origin of protandric simultaneous hermaphroditism, the most remarkable sex expression pattern yet reported in the Caridea (Bauer & Holt, 1998; Fiedler, 1998; Baeza, 2009) .
Protandric simultaneous hermaphroditism has been demonstrated in at least 19 out of 40 recognized species of shrimps from the genus Lysmata and Exhippolysmata (see Baeza, 2009 , and references therein). In these sequentially simultaneous hermaphroditic species, juveniles invariably mature as functional males first, and later they become functional simultaneous hermaphrodites capable of reproducing both in the male and female role (Bauer & Holt, 1998; Fiedler, 1998; Baeza, 2009) . At present, the information available on the phylogenetic affinities of Lysmata, Exhippolysmata, Parhippolyte, and other closely related genera does not allow us to infer with certainty the actual number of times that protandric simultaneous hermaphroditism has evolved in carideans, and the conditions favouring this remarkable sexual system. A new phylogeny of peppermint, cleaner, and semiterrestrial shrimps, and allied genera, using nuclear markers will also allow the examination of the evolutionary stability of mixed sexual systems (see Weeks et al., 2006) , and their effect in the net diversification rate (Schluter, 2000) .
PHYLOGENETIC INFORMATIVENESS OF MTDNA MARKERS
Herein, a comprehensive set of tools was used to investigate the phylogenetic utility and information content of three widely used mitochondrial genes for phylogenetic reconstruction in marine arthropods. First, using PI profiles, the phylogenetic informativeness of COI, 12S, and 16S mtDNA fragments was explored across historical time in peppermint, cleaner, and semiterrestrial shrimps. PI profiles were found to vary markedly among the three mitochondrial gene fragments studied. Importantly, the profile of the COI gene fragment featured a relatively sharp peak at a shallow relative time, whereas the profiles for the 16S and 12S genes were relatively levelled over a broad range of sequence divergence, and did peak, but not abruptly, at similar, relatively moderate to deep, relative times. Thus, compared with 16S and 12S, COI has almost three times more predicted power to solve shallow nodes and two times more predicted power to solve deep nodes in the studied phylogeny.
Considering these marker-specific PI profiles, COI is expected to have the highest information content and greatest capability for resolving both shallow and deep nodes (closer to and far away from the tips, respectively) of the phylogenetic tree studied (see Townsend, 2007) . Nonetheless, the analysis of boostrap values for nodes in trees generated using the 16S and 12S gene fragments separately were equally likely, or only slightly inferior (in the case of 12S), to resolve shallow nodes when compared with the COI gene fragment. Also, 16S and 12S more frequently resolved deep nodes in the phylogenetic tree studied when compared with the COI gene fragment. At first glance, this unexpected discrepancy between the predicted power and the actual utility of the different gene markers challenge the notion that PI profiles represent a tool for quantifying the phylogenetic information content in molecular markers.
The discrepancy between the expected power (as predicted by PI profiles) and the actual utility of the gene fragments studied can be further explored by assessing the effect of the COI gene fragment on the magnitude of the bootstrap support values. Given that the COI marker is predicted to have the highest information content (compared with 12S and 16S) for resolving shallow (and deep) nodes in the phylogeny studied, the removal of the COI marker from the total-evidence analyses is expected to diminish (considerably) the ML bootstrap and BI support values for many nodes in the resulting new phylogeny (using only the 16S and 12S markers). In disagreement with the prediction above, support values for recent nodes in the phylogenies did not decrease considerably in phylogenies reconstructed using the combined 16S + 12S data set (analysis not shown here). This analysis reveals the similar accuracy of the three genes in resolving shallow nodes in the phylogenetic tree studied.
Discrepancies between informativeness (as predicted by PI profiles) and the observed performance of genes has been previously noted by other authors that have compared the utility of COI and one nuclear gene (arginine kinase, AK) in brachyuran crabs (Mahon & Neigel, 2008) , and COI and two different nuclear gene segments (the D2 and D3 regions of 28S) in parasitoid wasps (Klopfstein et al., 2010) . Various reasons might explain the discrepancy between the expected power and the observed utility of the genes observed herein, as well as in previous studies (e.g. Mahon & Neigel, 2008; Klopfstein et al., 2010) . For instance, PI analysis requires the forcing of a single optimal tree during the analysis, and the tree is assumed to depict the true evolutionary relationship among the species studied (Townsend, 2007) . If the tree is inaccurate, the analysis of PI profiles is expected to be flawed. Various strategies were used in this study to tackle this issue. First, we used two robust trees (ML and BI analyses) that were generated using a total evidence analysis (in which the three molecular markers were used together). Second, spectral analysis of support and conflict for splits in the data set was employed, as it permits the exploration of phylogenetic signal in markers independently of any phylogenetic reconstruction (Hendy & Penny, 1993; Hendy et al., 1994; Lento et al., 1995) . Finally, neighbour-nets were used to visualize and further study phylogenetic signal and conflict or the distribution of information in the data set.
Importantly, an ANOVA on support values for internal splits derived from the split decomposition analysis indicated no significant differences in phylogenetic signal among the three molecular markers studied. Spectral analysis also indicated that support was consistently greater and conflict was consistently lower for various internal splits in the 16S and 12S mtDNA markers, compared with those in the COI gene. Finally, the two-dimensional graphical display of neighbour-nets clearly indicated more conflicting signals in the COI data set than in the 12S and 16S data sets; neighbour-nets from the 16S and 12S markers were more tree-like compared with that of the COI marker, and the 16S neighbour-net was the best resolved (in relative terms), and showed segregation of species in all four clades previously detected with the ML and BI phylogenetic analyses. It could be argued that neighbour-nets should naturally become more star-like when an increasing number of taxa are used for their construction (see Kennedy et al., 2005) . That the 16S neighbour-net, containing 34 species, is more resolved and less star-like than the 12S and COI neighbour-nets, constructed with a smaller number of species (26 and 25 species, respectively), represents clear evidence of the greater phylogenetic utility of the 16S gene compared with the other two gene fragments studied. Overall, the results from the split-decomposition analysis and neighbour-nets disagree with the results from the PI analysis. Analyses of Lento plots and neighbour-nets suggest that 16S and 12S gene fragments are equally, or even more, powerful than the COI fragment in resolving phylogenetic relationships, and in resolving nodes at all levels in the phylogeny of the genera Lysmata and Merguia.
Reasons other than phylogenetic uncertainty that might explain the discrepancy between the expected power and the observed utility of the genes studied include deviations from a strict molecular clock and tree-building method (Townsend, 2007; Klopfstein et al., 2010) . However, recent sensitivity analyses have demonstrated that the performance of PI profiles (as a tool for predicting gene utility) is robust to deviations from a strict molecular clock and tree-building method (Klopfstein et al., 2010) . Thus, the issues above are not considered to be a major problem in this study, and do not appear to explain (at least, to a great extent) the discrepancy between the expected power and the actual utility of the gene fragments studied. Importantly, the contrast between the expected power and the observed utility of the three genes studied might be interpreted as statistical problems in the PI profiling methodology proposed by Townsend (2007) . Indeed, that the gene fragment with the greatest predicted power is the one that has evolved the most quickly (COI) is in agreement with previous studies indicating that PI profiles systematically overrate the performance of quickly versus slowly evolving markers (Klopfstein et al., 2010) .
Overall, the combined analysis of support values, split-decomposition analyses, and neighbour-nets provided insight, and were useful to explore the overall utility of the genes. Altogether, these analyses suggest that in shrimps from the genera Lysmata, Exhippolysmata, and Merguia, all the mtDNA fragments studied are equally useful for resolving phylogenetic trees. Importantly, this study also suggests that the shape of PI profiles are not useful to estimate the overall utility of genes: sharp PI curves with abrupt peaks do not necessarily characterize the genes most useful for resolving phylogenetic relationships on narrow timescales.
PRACTICAL IMPLICATIONS
The profiling of PI, exploration of support/conflict for internal splits, and the graphical analysis of neighbour-nets produced from the three mtDNA markers studied is expected to inform the choice of genes for future, more in-depth, studies in the same or other closely related shrimp genera (see Townsend, 2007) . This exploration of 'appropriate' genes to use in future analyses is most relevant, as phylogenetic studies using only a few genes and classical Sanger sequencing technology will continue to be common in the years to come. This is because there has been a failure to deliver the next-generation cheap and fast high-throughput sequencing promised more than 15 years ago (Ronaghi et al., 1996) . The emergence of the second wave of next-generation high-throughput sequencing, without any massive expansion of nextgeneration sequencing in analytical laboratories around the world, further supports this statement.
Altogether, the results from this study suggest that 16S and/or 12S should be preferred over COI for phylogenetic reconstruction in the shrimps studied, and in other closely related shrimps. Various lines of evidence support this idea. First, the 16S, 12S, and COI markers all have similar phylogenetic information, and were equally likely to resolve nodes in phylogenetic trees depicting the relationship among peppermint, cleaner, and semiterrestrial shrimps. Although the PI profiles suggested that the 16S and 12S genes were of low power for resolving shallow splits, the detailed examination of bootstrap support values, Lento plots, and neighbour-nets indicated that in reality these two genes perform as well as, or better than, COI (see the discussion above). Furthermore, 16S and 12S gene fragments, separately, have more power to resolve deep divergences, and provided strong support for deeper nodes in the phylogenetic tree studied compared with COI.
Second, this study suggests that 16S-derived numts are expected to be much less common than 12S-and COI-derived numts in the clade of caridean shrimps studied. Indeed, to the best of our knowledge, no study has reported 16S numts in shrimps from the infraorder Caridea, although 16S numts have been confirmed in brachyuran crabs (Schubart 2009 , and references therein). By contrast to 16S, the number of studies reporting COI-derived numts has increased during the last decade (Song et al. 2008; Buhay 2009 , and references therein). Third, the proportion of parsimony-informative positions in the 16S (36.5%) and COI (39.8%) data sets were similar. Also, the PI measured on a per base pair basis was similar between the 12S and COI gene fragments, although 12S and COI were one-third more informative than the 16S gene fragment on a per base pair basis. Altogether, the information above suggests that in terms of cost-effectiveness, 16S (and perhaps 12S) are 'better' markers compared with COI, as they provide similar information while investing less time and resources in character sequencing. The use of 16S is expected to speed up and decrease monetary costs during a phylogenetic project, compared with the COI marker. This also argues against the use of the COI gene fragment as a barcode for shrimps in the genus Lysmata, and perhaps also in other caridean shrimps.
